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l. SCOPE 

This report summarizes the work accomplished and testing performed using 
the equipment provided by the NASA Marshall Space Flight Center under the 
no-cost Contract, Number NAS 8-31909, during the period of 1 June, 1976 through 
1 September, 1977. 

II. INTRODUCTION 

The primary purpose of the testing conducted which utilized the GFE provided 
under this contract was to determine the power spectral noise characteristic 
performance of the Teledyne two -degree-of-freedom dry tuned-gimbal gyroscope. 
These tests were conducted using a current configuration SDG-5 Gyro in conjunc- 
tion with the NASA Marshall SPC provided test equipment with minor modification. 
Additionally, some long term bias stability tests were conducted on Gyro S/N 606 
as well as some first-difference performance testing at the Martin Marietta 
Corporation - Denver facility. 

m. HARDWARE DESCRIPTION 

The descriptions of the gyro, test equipment and the testing performed utilizing 
this hardware are contained in Appendix A. The SDG Test Electronics Box 
caging electronics was modified for the 7 Hz bandwidth requirements of DRIRU II. 
The block diagrams and Bode plot characteristics of the capture loops are 
described in Appendix A, Section III, Figures 4, 5, 6 and 7. 

IV. TESTING 

The PSD testing performed is described in Appendix A, Section 4. In addition, 
first difference performance tests were conducted on Gyro Serial Number 069 
at the Martin Marietta Corporation - Denver facility. This data is presented in 
Appendix B along with appropriate definitions. Finally, some long term bias 
stability data taken at Teledyne at an earlier date on Gyro S/N 606 is presented 
in Appendix C. 
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V. 


CONCLUSIONS 


The general conclusions from the PSD testing performed are presented in 
Appendix A, Section VIII. It was concluded from this test series that the SDG-5 
Gyro as a sensor would meet the equivalent noise angle performance requirements 
for DRIRU II. These tests were a significant milestone that led to Teledyne^s 
selection as the contractor for the DRIRU II development. 

It may be concluded from the first-difference test data of Appendix B, that the 
Teledyne SDG-5 Gyro is an excellent sensor for gyro-compass of self-contained 
alignment inertial systems. 

The long term bias data presented in Appendix C shows excellent stability over 
a three year period which will result in minimal recalibration requirements for 
the sensor when implemented in DRIRU II. 

VI. RECOMMENDATIONS 

It is reconrmended that the GFE hardware used in this contract be dispositioned 
to the DRIRU II Contract for use and support of further testing for new require- 
ments as they arise. 
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abstract 

Recent test and evaluation of dcy. ‘»-d g^l. 

gyroscopes " R^r'd, currently used in high accuracy 

favorably with floated gy . ^ i3r.wpr soectral density test 

pointing and attitude -^“f^tyUrdr^oscoprane ^rese^ and’' con,- 
data on results for single-degree -of-freedom floated gyro- 

pared ».th publtScific ^ limitations of the dry tuned gyro 

for high accuracy pointing applications are dtscussed. 

Cyro noise in the strictest sense may be defined - 

angular rate ^°:;rpic but is a spurious output re - 

::crmrnriUe^fect4in«^^^ 


1 . 


2 . 


3 . 


Suspension system induced torques. 
Non-suspension system induced torques. 
Electrical/ Magnetic field noise. 


The predominant source of low ^isalignme of the driven 

mertial ,®vros resolts fr„ 

Th'e-m^rns which ideally do not exist,, 

pension system induced torques acting upon the rotor, or no.se 

aafforf sienificant reductions in this domi- 
It is shown that it is possi ® basic design parameters of 

m>nt source of noise by . ^ it is shown that this noise reduc- 

,he dry-tuned inertias to gimbal inertias, as 

tion is most sensitive t , in the desicn. Tradeoffs of noise 

rrell as to the number of are pre- 

reduction versus gyro maximu related to angle pickoff accuracy 

^rented. In addition further refinements related to ang p 

considerations are described. 
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I. 


INTRODUCTION 


During calendar year 1976, Teledyne Systems Company initiated a program 
to accurately determine the spectral noise characteristic for the dry-tuned 
two-degrees-of-freedom SDG-9 Gyroscope. The demand for this data was 
quite sufficient from a number of potential users in soch applications as 
high accuracy spacecraft stabilization (e.g. DRIRU 11 and Space Tele- 
scopet, high energy laser (HEL) pointing, and a numoer of ocher impor- 
tant applications. Initial testing was conducted in-house early in the 
program where it was determined that more sophisticated data acquisition 
systems were desirable and. primarily that higher stability well instru- 
mented test piers would Lc required. Teledyne then contacted the Martin- 
Marietta Corporation, Denver, Colorado and the Space and Missile 
Systerr.^ Organization (SAMSO), Dos Angeles AFS, California wh. re the 
SDG-5 was added to the list for test of candidates competing for the High 
Altitude Attitude Reference System t'HAARS). Additional testing was 
accomplished at the Boeing Aerospace Company and at Dockhued Missiles 
and Space Ctimpany. 


Sufficient data was obtained to show that the Teledyne SDG-5 gyroscope- is 
an extremely attractive rate sensor for use in fine pointing control system 
applications where jitter is required in the milliarc -second region and 
that operate with bandwidths to 10 Hz. The instrument is particularly 
attractive in view of its high reliability, low relative cost to existing 
standards and capability of operation over a broad tei>iperature range 
without the use of temperature control. No selection of instruments was 
made and units were tested on an as available' basis. Standard la-v.ira - 
tory analog rebalance loops were employed and no gyro heaters, precision 
temperature control or temperature compensation was used in the test 
St- rie s. 


II. GYRO DESCRIPTION 

The Teledyne SDG-5 is a dry gyro and features an elastically supported 
rotor with a dynamically tuned suspension system. The two-degree -o. - 
freedom strapdown gyro consists of four major subassemblies; the case, 
torquer coils, pickoffs. and rotor containing its tuned tbree-gimbal sus- 
pension system. These subassemblies are show^n in Figure 1 and a 
sch.ernatic cross section of the gyro is shown in Figure 2. The gyro ca 
supports a set of ball bearings which in turn carry the shalt. Mounted 
on one end of the shaft is the motor hysteresis ring and on tne other end 
i. the rotor and suspension system. The torquer coils and pickotf sub- 
assembly are attached to the case. The end covers, when soldered in 
place, provide the hermetic seal for the gyro. 
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ROTOR 
END COVER 


PII1419A 


Figure 1. SDG-5 Strapdown Gyro Subassemblies 



Figure 2. Schematic Cross-Section of the Strapdown Gyro 

The Teledyne SDG-5 Gyro has an angular momentum of 1 x 10 CGS 
units while operating at 6, 000 RPM on standard R-4 size ball bearings 
A summary of physical characteristics is presented in Table 1 and 
a summary of key performance characteristics is shown in Table 2. 


Table 3 presents a summary of instrument characteristics [4] for single- 
degree-of- freedom floated gyros and a comparison of the SDG-5 two-degree 
of-free'dom dry gyro. 
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Table 1. Teledyne SDG-5 Gyro Characteristics 


GENERAL 

Weight 

Size 

Figure of Merit 
g-Capability 

Rate Capability (Steady State) 

ROTOR 

Mass of Rotor 

Polar Moment of Rotor 

Angular Momentum 

SUSPENSION 

SPIN MOTOR 
Type 

Excitation Voltage 

(RMS sine wave, 3^, 400 Hz) 

Run-Up Time 

Operating Flower 

PICKOFF 

Type 

Excitation Frequency 
Excitation Voltage 
Nominal Scale Factor 

TORQUER 

Type 

Nominal Scale Factor 
HEATER - None Required 


< 2. 3 lbs 
3" dia X 3" long 
320 

150 g’s 
100 °/sec 

260 GMS 

2 

1600 GM-CM 

6 2 , 

1 X 10 GM-CM /sec 

Tuned 3 gimbal 

Hysteresis Synchronous 

30 volts 
<30 seconds 

2 watts 

Variable Reluctance Transformer 
48K Hz sinewave 
7 VRMS 
100 V/RAD 

'’^oice Coil 
160 °/Hr/ma 
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Table 2. Teledyne SDG-5 Gyro Performance Characteristics 


Parameter 

Units 

Specification 

Value 

Typical 

Value 

(mean) 

G - Iiisens Lti ve Bias 




Absolute Value 

°/Hr 

0 2. 0 

< 0. 50 

Stability 




Continuous Operation 

°/Hr lor 

, 001 Max. 

0. 0005 

(Random Drift) 




Shutdown Repeatability 

^/Hr lo- 

. 0 1 Max. 

0. 0016 

Temperature Cycle Stability 

°/Hr lo- 

- 

0. 0033 

Temperature Sensitivity 

°/Hr/°F 

0 ^ 002 

0, 00059 

G-Sensitive Bias 




Absolute Value 

°/Hr/G 

0 1 . 0 

A 

o 

Stability 




Continuous Operation 

°/Hr/G lo- 

. 002 Max. 

0. 0007 

(Random Drift) 




Shutdown and Temperature 
Cycle Repeatability 

°/Hr/G Itr 


0. 008 

Temperature Sensitivity 

®/Hr/G/°F 

0 j_ . 02 

0. 0032 

Torouer Scale Factor 




Absolute Value 

°/Hr/MA 

150 Min. 

IbO 

Linearity 

PPM Peak 

1 00 Max. 

2 5 

A s ym m e t r y 

PPM Peak 

- 

3 

Temperature Sensitivity 

PPM/°F 

*230 20 

-229 

Axis Alignment 




Absolute Value 

Sec 

bO Max. 

30 

Stability 

Sec 

* 

1 0 

Angular Rate Capability 




Steady State 

""/Sec 

100 

>100 

T ransient 

°/Sec 

400 

>500 

Anisoelasticy 

°/Hr/g^ 

0 4 . 03 

. 01 

Gyro Time Constant 

Seconds 

100 Min. 

200 

Tini'i'iAA 
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Table 3. Summary Comparison of Instrument Characteristics 
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III. SUPPORT ELECTRONICS 

The SDCi Electronics /Control Unit [6] contains the necessary analog rebalance 
electronics to cage both axes of the SDG-5. A photograph of the 19 inch rack- 
mounted panel is shown in Figure 3, Controls, located on the front panel are 
used to control the caging process and provide a convenient means for act- 
ing various torque output scaling functions. Generally, the unU contains the 
necessary regulated and precision DC voltages, the gyro 48 kHz pickoff 
excitation, caging electronics and precision analog scaling electronics for 
each gyro axis. Refer to Figure 4 for the functional block diagram 
Figure^s 5 and 6 for measured cross and direct-axis control loop frequency 

response curves. 

The previously described electronics was interfaced with the data acquisition 
system and the gyro mounted on the test pier as available at the various^ 
facilities. The functional organization utilized was as shown in igure i. 




SOG ELfCTRONICS AND CONTROL UNIT x .occaOI 



Functional Block Diagram of Teledyne Strapdown Gyro Test Mechanization 
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Figure 5. Cross Axis Bode Plot 
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Figure 6. Direct Axis Bode Plot 
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Figure 7. Teledyne Strapdown Gyro Test Setup with 
Data Acquisition System 

IV. PSD TESTING PERFORMED 

A total of 5 different SDG-5 gyros were used in the test program on an ’*as 
available” basis. 

Table 4 presents a summary of the testing performed by facility. Most 
data was taken on SN 069 as it was evaluated by three facilities. Initial 
testing was performed at Boeing using analog rebalance loops of approx- 
imately 1 Hz bandwidth. This was subsequently increased to 7 Hz and 
standardized for the tests to follow in order to be representative of require- 
ments on anticipated programs. In all cases, the data acquisition system 
and data reduction was provided by the test facility. Standard methods as 
described in the references [l], [2] were generally employed. 
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Table 4. Summary of PSD Testing Performed 
On Teledyne SDG-5 Gyro 
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1 
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SUMMARY AND COMPARISON OF TEST RESULTS BY FACILITY^ 

Teledyne provided two SDG-5 gyros and associated test equipment to the 
Holloman AFB-CIGTF for evaluation as part of the HAARS testing program. 
Only S/N 069 was evaluated due to schedule constraints. The data acquisi- 
tion system, filtering employed, test equipment and data reduction tech- 
niques are well described in [1] and are, therefore, not discussed ^ 

herein. Figures 8, 9 and 10 present typical PSD gyro outputs in (DEG/HR) 
/Hz for the gyro evaluated. These data provide a high confidence PSD sig- 
nature for the unit evaluated over the frequency range .0001 Hz to approx- 
imately 2. 5 Hz. 


As equipment specifications for hardware (e.g. DRIRU U) somet.mes specify 
the gyro output noise limits in /HR RMS over a specific frequency range, 
the noise characteristic for the SDG-5 gyro was measured in appr-pric te 
units by the Mar tin -Marietta Corgoration. Table 5 presents a ° 

of the measured SDG-5 output in ^/HR RMS versus the DRIRU II specification. 

Data as available from the other test facilities are presented in Table 6 for 
comparison purposes. The data from Holloman CIGTF and the Martin- 
Marietta Corporation is seen to correlate reasonably well in the frequency 
band of . 001 Hz to 5 Hz. 
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Figure 8. Power Spectral Density Gyro Output of 
Teledyne SDG-5 S/N 069 (Data Courtesy of Holloman AFB -CIGTF) [8] 



Figure 9. Power Spectral Density Gyro Output of 
Teledyne SDG-5 S/N 069 (Data Courtesy of Holloman AFB-CIGTF) [8] 
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Fijiure 10. Power Spectral Density Gyro Output of 
Teledyne SDG-5 S/N 069 (Data Courtesy of Holloman AFB-CIGTF) [8] 


Table 5. Comparison of Measured SDG-5 Output 


In (°/Hr RMS) vs DRIRU II Specification 
(Data Courtesy of Martin-Marietta Corp - Denver, Co) 


Frequency Range 
(He rtz) 

Performance in /Hr RMS 

Axis 

DRIRU II 

Specification 

SDG-5 Performance 

o 

1 

o 


. 05 Max. 

. 004 




. 0032 

0 

1 

o 


. 5 Max, 

. 029 




. 028 
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Table 6. Inter Facility Comparison of PSD Test Results on 
Teledvne SDG-5 Gyro 



aJ 
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VI COMPARISON OF PSD CHARACTERISTICS OF SDG-5 DR\ TDF 
AND SDF FLOATED GYROS 

A comparison oI the noise characteristics betv,een the Te^yne STC-5 d|^y 
TDF gyro cvith data lor floated as repo rted rn W 

r-rpS:: ^e-I^nttlf:! rrrell^trd i„ Agore n The 

7 "rt " “^ttrarr'rrT- gtrofi: limbed '.rthrT:le'dy:rsDC.-3. None- 

:;r:irsnt7ppearsthat^^ 

::id r.:f :Lrd:^L'=:;e;”ri:: iuL attimS^ staMIiaaUo„ and precision 

pointiag systems. 

VII. METHODS FOR FURTHER N O ISE REDUCTION IN DRV TCNED GYR OS 

The dry tuned gyro has a number of characteristic features that provide 
for imp^ernentmg several methods for noise 

l“ttrofpl;stard:X^^^ as hnrnyoutuned in the follow- 

ing discussion. 

Physical Increase in Angular Mo menturn 

The angular momentum of the dry gyro can be increased '’V adding c"ass to 
;^,'e rotL while -intaming th s. in^spee^^ 

in torque generator scale fac . A^f^^ reduction in scale (actor |160°/Hr/ma 

is read.ly attainable in ^ ' acceptable for most pointing appli- 

for SDG-5) to one-half (80 /Hr/ma) is quii +soO/sec Teledyne 

cations where ^ ^BlTith 2 7 To^cgs units angular momentum in 

iruririo^^^ulft: “ 1 ^;". Figured .2 and 13 mahe the comparison 

of key characteristics. 
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LOG (ARC SEC) / Hz 



Figure 11. Graphical Comparison of Noise Characteristics in 
(arc sec)^/Hz for Teledyne SDG-5 Dry TDF Gyro with 
Floated SDF Gyros [4] 
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SDG-3B 


SDG 5 ROTOR AND SDG-3B ROTOR 
(FOR COMPARISON) 


Figure 12. Photograph of SDG-3B Gyroscope 


APPLICATIONS 

Shipboard Inertial Navigation 

Spacecraft Guidance and Control, Fine Pointing 
Requirements for very Low Drift Rates, Low Noise 
and with Moderate Rate Inputs 

SPECIFICATIONS r 



SDG-3B 

SDG-5 

(for comparison) 

Size 

3.25" dia x 3" long 

3.0" dia X 3" long 

Weight 

2. 9 lbs 

2. 3 lbs 

Random drift (lo) 
(Spec) 

<. 0005°/hr 

<. 001°/hr 

Repeatability (day to day) 
la - (Spec) 

Angular momentum (H) 

<. 005°/hr 
2 X 10 CGS units 

<. 01°/hr 
1 X 10^ CGS units 

Spin speed 

6000 RPM 

uOOO RPM 


Figure 13. SDG 3B Gyro Characteristic! 
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Im-vf.isi’ In ('ivro Figure -of-Merit 


11 one eonsi.K-rs .. figure of merit for the elastically supported gyro as defined 
by as UilKnvs 

n 

C 4 A 


m n 


V (A + B - C ) 

Y n Ti n 


. lu' 


C 


A , B , C 

n n n 


principal moment of inertia of the rotor about the 
Z or spin axis 

= principal moments of inertia of the nth gimbal about 

the X , Y , Z axes respectively 
n n n 


n = number of gimbals 

it can be sho»n that the ia “''f 

number of gimbals employed. This Fm for the Stan a reduc- 

oimbal gyro is 320 and can be increased to approximately 1 j „ 

f^g the nLber of gimbals from 3 to 1. There is an attendant reduction 
• ^ • nfal '‘cr canabilitv” by approximately 3 and some potential 

in environmental ] l J ^eledyne has produced a small quantity 

increase in 2N angular sensitivi y, y rlriFf 

of l-gimbal units that have demonstrated extremely low random draft 
characmHstics. No attempt to measure PSD for the 1-g.mbal configura- 
tion has been made to date. This area is recommended for *' 

gation and evaluation tor applications with relatively low environments 

requirements. 

Mechanization of Gimbal Ang le Pickoffs 

The dry gyro lends itself to incorporation of an additional instrument 
angle pickoff which measures the angular motion of the gimbal with respec 
to ^the case. This mechanization has been shown by [3] to provide a signal 
which may be used to directly compensate for ’ ncise' . As a natural con- 
sequence. a highly accurate rotor angular nulling signal, independent of 
the' usual pickoff mechanical instability or creep is 

To the extent that the undesired shaft-to-case motion is inducing the gy 
output noise, the power spectral density of this noise 

compensation by a factor which is determined essentially by the total 
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mechanization scale factor error. If this error is assunned be on the 
order of 1. 5-o. as is readily achieveable. then a reduction of the basic 
gyro output noise spectral noise by a factor of 0.015 . 

Teledyne is currently developing under contract from the US 
FDl. an instrument called the Spin Coupled Accelerometer Gyro (SCAG) 
which is equipped with both rotor -to -ca se and gimbal -to -case angle pickof . 
The instrument has the necessary output information to effect the angular 
rate noise compensation as discussed by [3], 

This same gimbal angle pickoff concept has been considered tor incorpor- 
ation in the SDG-5 and appears attractive. 

VIll. SUMMARY AND CONCLUSIONS 

J-he following conclusions are made based on the foregoing data and 
disc ussions: 

1 The SDG-5 gyro output noise power spectral density character- 

istics have been determined to a high confidence level in the 
frequency hand of .001 Ilz to 5 Hz by the testing accomplished 

to date* 

2. The SDG-5 is an excellent candidate gyro for fine pointing 
applications where low noise performance below 1 Hz are 
specified in milUarc -seconds and that operate with contro 
system bandwidths in the region of 1 Hz. 

; The SDG-5 PSD performance compares quite faiorable with 

currently used SDF floated gyros below 1 Hz and from 1 Hz 
to 10 Hz the SDG-5 performance compares midrange with 
other state-of-the-art precision gyroscopes. 

4 A number of attractive methods for effecting a further decrease 

in the SDG-5 noise characteristics are readily available and 

should be pursued. 
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FIRST-DIFFERENCE PERFORMANCE DATA ON 
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TO: 

FROM: 

SUBJECT; 


Distribution 
R. Irvin n 

First-Difference Performance Data on 
Teledyne SDG-5 Gyro 


NO; RBI/3082 
DATE; 18 April 1977 


REFERENCE ; 



The subject attached data (Attachment 1) was taken on Gyro Serial Number 069 
at the Martin Marietta Corporation - Denver. This data essentially shows the 
RMS drift performance as a function of sample interval. It is also a good 
measure for judging the gyro performance in terms of gyro-compass quality. 

Attachment 2 describes the data reduction technique and provides seme addi- 
tional interpretation. 
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ATTACHMENT 1 


INTER-DEPARTMENT COMMUNICATION 

MARTIN MARIETTA AEROSPACE 

15 March 1977 
77-JT-0510-30 

To: N. Osborne 

cc: R. L, Gates 

From: J. Tietz 

Subject: First-Difference Data, Teledyne Gyro 


First-difference drift tests have been completed on the 
Teledyne gyro, ID number D007013. Tliese tests were done at the Martin 
Marietta Inertial Guidance Laboratory under IRAD task 48641. The 
test configuration used and the test results are shown below. 


Sample Interval 

First Difference 

CRMS, Degrees/ Hour) 



Data File 


Data File 

.1 


TD219F 

.0488 

TD210F 

1. 


TD218F 

.00504 

TD211F 

10. 

.000761 

TD217F 

.000786 

TD212F 

100. 

,000235 

TD216F 

.000268 

TD213F 

1000. 

.000104 

TD215F 

,000120 

TD214F 


TABLE 1. TEST RESULTS 




63 












15 March 1977 
77-JT-0510-30 
Page 2 



FIGURE 1, TEST CONFIGURATION 
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TRIM - A GYROMONITOR 1/)^ 
INCORPORATING THE GYROFLEXVy GYRO 

Robert L. Gotes 
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Singer-General Precision, Inc. 
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Little Falls, New Jersey 


Abstract 

The concept and theory of operation of a self-calibra- 
ting gyromonitor inertiol meosurement unit is described. 

The mechanization utilizes the redundant axis ot the ozi- 
muth gyro os the meosurement axis to obviate the need for 
on odditionol gyroscope. An experimental model of the 
plotform using the GYROFLEX Gyro is described and test 
and test data are presented. Performance 
predictions are made in terms of cruise navigation occut- 
ocy showing the improvements possible with reduction of 
uncertainty gyro drift. Also discussed are the advantoges 
of explicit in-flight gyro calibration in terms of confidence 
•n the occurocy of o pure inertial navigator. 


I. Introduction 

The concept and theory of operation of an experimental 
gyromonitor inertial meosurement unit is presented; the end 
product should be porticulorly suited for cruise type oppli- 
cotions. Some interesting aspects of navigation systems in- 
corporating this concept are as follows: 

1. Ropid, self-contained azimuth* gyro calibration is 
possible for o pore inertial navigation (only method 
known to the outhor). 

2. Gyromonitoring is occomplished without the require- 
ment for o redundont instrument. The azimuth gyro 
redundont axis is used in o mechanization described 
further on. 

3. The TRIM concept may dissolve up to 90^ of the 
“dead reckoning” associated with a pure inertial 
novigotor. 

Experimental test date have been obtoined which indi- 
cate solid potentiol for ochieving gyno performance for an 
unaided inertial navigator in the .002 to .005 Ar - one 
sigma - ronge. This performance is compatible with better 
then 0.5 nmAr performonee. 

II. Theory of Operotion 

The bosic idea is a simple one which tokes advontage 
of the normally unused redundant axis of the platform azi- 
muth gyro that is present when two-degree-of-freedom gyros 
ore used in the plotform. The platform cluster is constructed 
by mounting the gyros in turntable modules that permit the 
gyios to be independently repositioned at the cardinal an- 
gles. The case rotations ore mode oround the gyro spin 
oxes. During rototions, signal resolvers direct the gyro out- 
puts to the proper gimbal axes. The gyros ore not torqued 
during the slew intcrvol. 

*ln Avionics terminology, the "azimuth" gyro is the one 
of the orthogonal set which controls the stable member 
oround the verticol oxis. The "vertical" gyro hos its in- 
put axes in the horizontal plane. 


The self-calibration is accomplished by taking simulto - 
neous samples of gyro command ond coptur^signols 
two parallel gyro input axes (see position Q)of the sketch 
below), one of which is olways the ozimuth gyro rote cap- 
tured redundant axis ond the other will be one of the two 
axes of the verticol gyro. Summing or differencing of the 
simultaneous meosurements permits implicit concel lotion of 
plotform inertial rote (known or unknown) iround the moni- 
tor axis thereby permitting operotion on a fixed or rnovuig 
base (oircraft corrier or airborne^. ^1^15 is the well known 
principle of the gyrorrwnitor.' ' ' ' 

The gyro drift coefficients are recovered from a se^f 
samples** (such os data from relative positions d)and Q) , 
tee sketch below). The accelerometers are not required in 
the measurement loops ond do not contribute error. The four 
relative gyro positions ore shown below. Positions (L) , (2) , 
and ©are required for doto ocquisltion and are achieved by 
sequentially indexing the vertical gyro. Position ©places 
the calibrated azimuth gyro X* oxis into the azimuth posi- 
tion completing one colibrotion cyd^ 
redundant oxis for relotive positions ® , ® , ond Q) ond 
thot Y' is the redundant rate axis in position ® . 


® ® 

Y Y XX X 

^ r 





POSITIONS 

This copsule description indicotes how gyromonitoring is 
feasible without a redundant gyro. Also apporent is the very 
simple but important ideo of periodically replacing tne un- 
calibroted azimuth axis with on axis of the same gyro which 
has been explicitly calibroted in the horizontal plane. The 
redundant oxis colibrotion does not include spin oxis mass un 
balance; for this reoson, the unique characteristic of the 
GYROFLEX wherein moss unbolonce stobility is superior 
proves valuoble (the spin oxis bearings do not contribute to 
spin oxis moss unbolonce). A laboratory model of this 
type of IMU Is shown in Figure 1. 


**5ee Appendix 
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FIGURE 1. BRASSBQARD PLATFORM 
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FIGURE 2> DRIFT RATE CHANGE 
BETWEEN COEFFICIENT RECOVERFES 

Bosed upon these measurements/ o real time estimate of 
CEP moy be made using system state variables in an error 
analysis simulation. This CEP could be displayed for the 
aircraft commander or navigator thus morkedly reducing the 
'‘dead reckoning" aspects of a pure inertial navigator since 
for most 1 mph class systems up to 90^ of the error budget 
belongs to the system gyros. 

IV. Novigotion Accuracy 

A DELTA Curve for the GYROFLEX is shown in Figure 3. 
The concept of this method of date presentation is discussed 
in detail in Appendix B. 


ill. Performonce Prediction 

The iterative recovery of gyro drift coefficients strongly 
quolifies tl\e use of the modem filter theory in the system 
softwore.^ ' In foct, a real time history of gyro performance 
during the mission will be ovailable in the system computer. 
When compared to standard expected coefficient voriotions 
during flight/ a mcosure of performance quality may be de- 
termined. 

For example, the first test would be to verify that the 
coefficient is within the^S sigma limits from each coeffi- 
cient meon established as the acceptoble day-to-day (or 
on-off) performance of the gyro; these limits with the gyro- 
monitor mechanization con be an order-of-mognitude larger 
then conventional system limits fcoy - 0.3^T»r). The second 
test will be against the magnitude of change of the coeffi- 
cient with eoch major cycle of the TRIM Mode. The Figure 
2 shows a plot of actual TRIM IMU doto which would be rep- 
resentative of changes between samples (first differences) 
available within the computer. The RMS value of the 
changes is representative of gyro performance. For this por- 
1 1 color run, the RMS volue was 0.0038 91^r based upon one- 
miruite duration samples. 



FIGURE 3. GYROMONITOR EVALUATION- 
DELTA CURVE 

SHORT-TERM PERFORMANCE - GYROFLEX SN 113 

This function is obtained by computing the RMS of first 
differences os a function of Integration time which is varied 
over the sample times of interest. Figure 3 is for a gyro in 
steady state operotlon. From Figure 2 we can see that the 
gyro contribute^* obout 0.0021 ^r to the RMS level of 
♦0038 9^r at the IMU level. Figure 4 shows o drift rote 
romp anolytically included to simulate the warmup tronsient 
or o trendif>g gyro. 
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FIGURE 4. navigati on GYRO 
IN PRESENCE OF A RAMP DRIFT 

TTits illustrates the value of using an adaptive sample 
time to optimize performance. That is, sample time should 
be short during syoimup ond increose as the gyro drift reaches 
steady state. Figure 5 shows CEP vs gyro ramp drift rate 
utilizing the optimum sample time. 



RWJIP DRIFT MTE 


figure 5. CEP vs RAMP DRIFT RATE FOR TRIM IMU 
ftj'SING OPTIMUM SAMPLE TIME ) 

V. IMU Comporison (Figure 6) 

Some IMUs use continuous motion case rotation of the 
flvio or of the cluster for spotial modulation to overoge the 
effects of gyro drift (again exclusive af spin axis mass un- 
bolonce). TRIM does not depend upon spatial modulat 
but incorporates explicit numerical recovery of drift coef- 
Ficients with computer compensation for system error. 
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The stondord gyromonitor system utilizing single-degree- 
of-frecdom gyros requires forced precession of the gyro spin 
vector with gyro indexing. This results in the requirement 
for o settling time period which slows reoction time. TRIM 
gyro case rotations ore around the spin axis and since each 
gyro is geometrically stobilired by the gimbol servos, the 
rotor most remain undisturbed with each indexing. This 
should permit the reduction of monitor "off time" (slew and 
settling time) by a factor of 3 to 7 resulting in a significantly 
shorter mode cycle time. 


VI. Test Results 

An experimentol IMU (see Figure 1) hos been fobricated 
to investigote the performance potential of this mechanization 
The hardware was intended for loboratory use and will be used 
for experiments in support of design tradeoffs and for feasi i - 
ity den-v^nsfrotion. The unit is basicolly o multi^xis servo 
table. The cluster mounted turntables for indexing the gyros 
ore derived from a gyrocompass system designated GUARD 
which is in production for the Air Force. Pitch, roll, and 
azimuth isolation axes ore provided between the outer hous- 
ing ond the cluster for dynamic simulotion of on operotionol 
IMU. A support electronics console is used to provide power 
supplies, gyro and accelerometer excitation and temperoture 
control and capture loop circuits, gimbol servo electronics 
ond readout instrumentation. The onolog-to-digital conver- 
sion instrumentotion is discussed in Appendix B. An outomo- 
tic electromechanical progrommer is used to cycle the sys- 
tern through the TRIM Mode. 

Test Objectives 

A number of questions were to be answered, and exper- 
imentolly verified, with respect to gyro performance and 
IMU performance. 

1. Can the "implicit" concellotion of inertial rotes 

common to the porollel axes be demonstroted ? And, 
can the absolute value of the gyromonitor recovered 
coefficient be verified? 

2. What is the accuracy ond reaction time potential of 
the concept at the system level ? 

3. What is the RMS level of performance with and with- 
out filtering? 

4. In o more detail sense, what ore the deleterious ef- 
fects, if any, of indexing the gyros? 

Test Doto 

The figure entitled "Implicit Noise Cancellation" (Fig- 
ure h demonstrotes two importont facts. One is a 
dence verification that the proper obsolute value of drift 
coefficient is being recovered in the gyromonitor i^de. The 
other is o demonstration of "implicit concellotion o un 
known plotfoim rotes that might be thought to interfere with 

the concept* 


figure 6. IMU SURVEY 
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FIGURE 7. TRIM IMPLICIT NOISE CANCELLATION 

The dato were token with the platform in an earth sieved 
mode. The redundant axis of the azimuth gyro was sequen- 
tially indexed from nominolly East to nominolly West (al- 
though absolute heading is immoteriol to the test). At each 
position, simultaneous and average rate outputs were separ- 
ately recorded from the redundant axis ond the parallel ver- 
tical gyro oxis for 60-second intervals. 

The plot on the left was derived by using the redundant 
axis data seporotely to calibrate its fixed drift coefficient 
D(Y’)p- This was done in on analogous fashion to standard 
two-position gyio testing wherein one-half the sum of East 
ond West readings yields fixed drift and earth rote coupling 
is cancelled. The large scatter (. M^hr peak-to-peok ond 
• 041^r RMS) is a result of cluster motion during the short 
somple time. 

The plot on the right is achieved by "mixing” the some 
redundant axis doto with data from the parallel verticol^yro 
input axis. The simultaneous samples ore alternately summed 
and differenced to implicitly concel the common inertial 
noise rate. Note that the RMS scatter in calibrating D(Y*)p 
iTT^uced by on order-of-mognitude. Also, note the excel- 
lent ogreement in the overage volue of D(/*)p (difference 
of 0.0026^r) obtained by the seporate methods. The par- 
allel vertical gyro oxis is caiibroted simultaneously olthough 
the plot is omitted for clarity. 

The figure entitled "Day-to-Doy ond Random Drift Er- 
ror Reduction with TRIM" (Figure 8) is a cleor picture of 
the concept value. Test data have been obtoined pointing 
to a pure inertiol navigation system accuracy of 0.35 nm/hr 
or better. 



FIGURE 8. DAY-TO-DAY AND RANDOM 
DRIFT ERROR REDUCTION WITH TRIM 


The test data points (triongles) ore the results of more 
fhon 9 runs or>d 6 shutdowns with some 144 complete TRIM 
cycles comprised of either 3 or 6 indexing positions each 
cycle. It is anticipated that slightly better results (X plot) 
will be ochieved in the brossboord experiment with some re- 
finements. The curve of results with filtering should be real- 
ized when the data ore reprocessed through either a minimum 
Kalman filter or o limited least-squares fit routine. The tri- 
angular data plots ore the RMS vol ues of first differences of 
odjocent coefficient recoveries. 

An example of reaction time doto ore presented in Fig- 



FIGURE9. DRIFT COEFFICIENT 
RECOVERY DURING WARMUP 


The plotted points represent the pure "unmodeled” drift 
coefficients plotted in terms of magnitude change between 
recoveries. Improved results will be obtained with a more 
optimum heoter power distribution to the gyro and to the 
cluster structure. Nevertheless, the data from the 5.2 to 
7.8 mirwte interval are accurate to 0.015 /hr. 

Figure 10 presents a plot thot is typical of gyro drift 
settling following a slew. The plot shows that the gyro 
recovers in obout 8 seconds. These data were token from 
the rate captured horizontal monitor axis of the azimuth 
gyro (spin axis horizontol). Therefore, for the GYROFLEX 
Gyro, data occumu lotion may begin 8 to 10 seconds follow- 
ing 0 cose slew. 
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FIGURE 10. GYRO SETTLING CHARACTERISTIC 
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in comparing the dato to other instruments, we have 
noted that floated sir>gle oxis gyros may require 60 to 100 
seconds settling time following cose indexing around the 
output axis. 

The redundant axis rote date may olso be used for plot- 
form gyrocompassing, or in o more exoct sense, heoding de- 
termination. With the cluster leveled in o conventional lev- 
eling mode ond earth slaved in azimuth, the redundant axis 
will sense a competent of horizontol earth rate proportionol 
to the deviation of the azimuth gyro spin axis from the mer- 
idion plane. This is true at the 0° ond 180® positions. 
Heading may be determined by differencing the two measure- 
ments and solving for the heading ongle (fixed drift D(X)^ 
is implicitly cancelled). 

“ 0 ®"‘^ 180 o 

0 = — 

20 cos X 

For repetitive heading determ i notions, the non-repeot- 
d)ility or rondom error will be primorily o function of fixed 
drift change between samples. Figure 11 shows the results 
of o run where the heading determinations are plotted* 


(5) Lee, B., "The Improvement of o Low-Cost Inertiol Nov- 
igator Through Conditional Feedbock , IEEE Tronsoc 
tiorw on Aerospace ond Electronic Systems, Vbl. AES-4, 
No. 4, July 1968 

(6) Rosen, L. L., ’’Concepts of Gyro Monitoring os Applied 
to Long Term Inertiol Navigation", Conference Proceed- 
ings, 1964 IEEE 8th International Convention on Mili- 
tary Electronics, September 14-16, 1964 

APPENDIX A 

TRIM-IMU Functionoi Equations With 
Gyro Error Model 

Introduction 

This section derives and presents the basic functional 
equations for navigation computer recovery of the vertical 
ond azimuth gyro drift coefficients (bios volues) Ett c 
GYROFLEX Gyro platform mechanized for the TRIM gyro- 
monitor mode. The implicit cancellotion of some drift terms 
and platform command rotes ore presented in the derivation. 
The four relative gyro positions are shown below. 

® ® (2) ® 



FIGURE 11. TRIM GYROCOMPASS DATA 

Note thot the platform hod o mean heading of 1645 ore 
seconds and that the standord deviation for 16 individuol 
determlnotlons wos 35 ore seconds. In this cose, the gyro 
wos in thermal steady state and the sample time was reduced 
to 30 seconds. 

References 
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Derivation - TRIM MODE 

The gyromonitor equations moy be derived by considering 
the inertial ongulor rotes and the drift rotes of the gyro 
pair with respect to o reference inertial coordinote frame 
XY2. Consider first the rotes Q for the navigation (N) gyro 
vertical X axis with respect to the reference frame. 


^X O 


Novigotion Gyro, (X axis, position Q) 


XN 
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where. 




further, 

D(X)p 


= commond rote to X axis of vertical gy- 
ro which can be expressed os ^yn'YN 

2 

= D(X)p + D(X )505 + L>0<)ssas ^ence 
contains the total for the vertical gyro 
(o^ is 1 g acceleration along the spin 
axis). 


= gyro drift (%r) about the X axis which 
IS insensitive to acceleration* 


+ See general GYROFLEX error model in latter port of this 


^ Appendix 
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Vn'yn 


D(X)j - flyro dr^f^ (^r/g) about the X axis ot- 
tributable to accelerotion (o^) along 
the spin axis. 

D(X)«^. = gyro drift (%r/g^ about the X axis 

ottributoble to acceleration squared 
(a^ olong the spin axis. 

= the product of Y axis torquer scale 
factor (^r/ma) and the average vol- 
ue of the command current (mo) for 
the vertical gyro navigation (N) axis. 


Vn'yn "" 

Likewise^ for the monitor axis. 

As a rate captured axis, analogous to the cap- 


ture rate ^y^'yM 




(») 


Simultaneous differencing of equations (A) ond (B) per- 
mits implicit cancellation of the inertial rate ^ yki 
the residual contains the drift coefficients of interesfV 

Wym - Wyn ■ '>W'p - - D(X), 

A more procticol approach from the mechanization view- 
point in the presence of noise and disturbance inputs, is to 
consider differencir^ the average or fitted volues of the 
terms on the left side for a finite sample interval (say 20 to 
100 seconds duration) in each measurement position desig- 
nated by the symbol O . 

<*ymVm - Wyn>©- “Wp * - D(X)p (C) 

Novigotion Gyro (Y oxis, position (2)) 

Similarly, the equations are derived for position ond 
sample 0, this time involving the navigation gyro Y axis. 


V; 




X ”xN 

^nd. 


“yc-^(^t 


P) 


WXN = 


k 


^ This position ploces the novigotion gyro X oxis 
180® from the first set (sample ©). 


^XN"'‘^'xC ■ 


which becomes 

Vn'yn'^xn'^ 


Equation (F) is summed with the monitor equation (B) for 
posftion/somple interval Q) * 

<Sy Jym * VnVn>®- ■><«■ ♦ * dm/°> 

The vertical gyro X oxis drift moy then be explicitly re- 
covered by subtroctirig equation (C) from equation (G). 

D(X)t = t (Sy^'YM ^YN'YN^® 

■ ^ ^^ym'ym " ^yn'ynP© 

Likewise, the equations associoted with positions Q), ©* 
ond 0may be combined to recover D(Y)^ to complete ver- 
tical gyro calibration. 

d(y)t = ■ ^xn'xn^©" ^ ^^ym'ym " Vn'yn^© 


■ ^ ^^ym'ym ^ Vn'yn^® 


0) 


The fixed drift of the azimuth gyromonitor axis X* is also 
recoverable. 

D(X)' = i (Sy^iy^ - Sy(^' YN>0 (J) 


^ ^Vm'ym * ^yn' 


Yisp®" 




Equotion (B) still opplies for the monitor oxis since its 
attitude is unchanged with respect to the reference frome. 
Similarly, inspection of equations (B) and (D) reveals that 
the inertial rote for the new position/sample interval ©may 
be cancelled by differencing, I.e., 

t^YM^YM ■ =XN W®- “Wf * OMVy * DMp ® 
2 Y Novigotion Gyro (X oxis, position©) 


The so-colled “quodroture g" term D(X)y is present be- 
couse of the presence of 1 g olong the azimuth axis and is 
included for completeness. If truly measurable, this term 
will be "tagged" at the component level and the computer 
will remove Its contribution. This term does not effect □ 
conventionol IMU. 

Y The azimuth gyro is now rototed to position © 

X thereby completing the first colibratlon cycle. 
Azimuth gyro drift oround the new gyro axis moy 
y, [ be written os: 

a^= D(X)‘ - D(X);^Oj^ + '^^^'xx^x 

All significant drift terms ore now known. The fixed drift 
coefficient D(X)' was recovered from equotion (J) above. The 
spin axis mass unbalance term D(X)^ is o computer stored co- 
efficient available from factory or periodic calibration. Pre- 
sent indications are that the g squared coefficient ^(X)*^ 
is negligibly smoll. 

Hollomon GYROFLEX Error Model 

The performance model assumed for the GYROFLEX is: 

StgyV " ^<^y“y 

+ D(X)j^j^oJ 4 4 DDOj^yO^OY 

* ^^Wx^s ^VsV’s "“x 
^Gx'x ■ ♦ "XVy ’ ‘>Mx"x * 

+ D(Y)yyOy + DCY)^^®^ 4 DCOyx Oy°x 

+ t>(Y)Y5°y05 + ^^Vs‘'x°5 *^Y 
where X x Y " S 


(F) 



Definition of Performonce Model Terms 


^TGY 

‘x 

^TGX 


“S 

^ V p 

DM. 


D(V),5«5 


current flow through the Y axis torque gener- 
ator (ma) 

sensitivity of the Y axis torque generotor 


D(X)xOx 


D(Y)y°Y 

D(X)yOy 








^Mxx°x 


D(Y)yy“y 


OM550I 


(/hr/ma) 

current flow through the X oxis torque gener- 
ator (ma) 

sensitivity of the X axis torque generator 
(%r/mo) 

occelerotion along the X axis (g) 
acceleration along the Y axis fe) 
acceleration along the spin axis (g) 

gyro Hnft about the X oxis which is in- 

sensitive to acceleration 

gyro drift (^hr) about the Y axis which is in- 
sensitive to acceleration 

gyro drift (^^r) about the X axis ottributable 
to acceleration along the X axis, where D(X)^ 
C/^r/g) is a drift coefficient 

gyro drift (9^hr) about the Y axis ottrlbutoble 
to occelerotion along the Y axis, where D(Y)y 
(^ r/g) is a drift coefficient 

gyro drift (^hr) about the X axis attributable 
to acceleration olong the Y axis, where D(X)y 
( 9^r/g) Is a drift coefficient 

gyro drift (^hr) about the Y axis attributable 
to occelerotion along the X axis, where D(Y)j^ 
(^r/g) is a drift coefficient 

gyro drift (%r) about the X axis attributable 
to occelerotion olong the spin axis, where 
D(X)s (^r/g) is a drift coefficient 

gyro drift (9^r) about the Y oxis attributoble 
to occelerotion along the spin axis, where 
D(Y)^ (^r/g) is a drift coefficient 

gyro drift (%r) about the X axis ottributable 
to the square of acceleration along the X axis, 
where D(X)^^ (%r/g ) is a drift coefficient 

gyro drift about the Y axis attributoble 

to the square of occelerotion along the Y axis, 
where 0(Y)y^ (%r/g^) is a drift coefficient 

gyro drift (91ir) about the X axis ottributable 
to the squore of acceleration olong the spin 
oxis, where (?^hr/g ) is a drift coef- 

ficient 


gyro drift (9^r) about the Y oxis attributoble 
to the squore of acceleration along the spin 
oxis, where D(Y)jj (9^r/g^) '* o drif» coef- 
ficicnt 

D(X) wO gyro drift (%r) obout the X oxis attributable 
^ ^ to the product of accelerations along the X 

axis and Y oxis, where D(X)^y ** ® 

drift coefficient 


^^YX^Y^’X 

^^^XS°X°S 

D{Y)y5«1y®s 

D(X)ys°y”s 

‘^^xs'^x^s 

‘"x 

“y 

hr 


gyro drift (^r) about the Y axis ottributable 
to the product of accelerations along the Y 
oxis and X oxis, where D(Y)y^ (^hr/g^ is 
a drift coefficient 

gyro drift (9^hr) obout the X axis attributable 
to the product of accelerotions along the ^ 
oxis and spin axis, where D(X)^^ (9^hr/g ) 
is o drift coefficient 

gyro drift (^r) obout the Y axis attributoble 
to the product of accelerations olong the Y 
oxis ond spin oxis, where D(Y)y^ (^r/g^ 
is o driff coefficient 

gyro drift (9^r) about the X axis ottributable 
to the product of occelerations along the ^ 
axis and spin axis, where D(X)y^ (9^r/g ) 
is a drift coefficient 

gyro drift (°Ar) about the Y axis attributoble 
to the product of accelerations along the Y 
oxis and spin axis, where D(Y)^^ (Ar/g^) 
is o drift coefficient 

ongutar velocity, in inertial space, of the 
gyro case obout the X axis ( AO 

angulor velocity, in inertial space, of the 
gyro case about the Y axis (AO 

sidereal hour 

local occelerotion of gravity, defined posi- 
tive upword 

APPENDIX B 
DELTA Curve - 


An Inertiol Component Evoiuotion Concept 
Introduction 

The technique developed by the outhor presents a new 
viewpoint which has proven to be very useful in interpreting 
inertial sensor test data and in specifying performance. Fig- 
ure B-1 is a curve for the two-degree -of-freedom Kearfott 
GYROFLEX Gyro. Once understood, the DELTA Curve pro- 
vides an excellent tool for gyro performance prediction. 
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FIGURE B-1. GYROMONITOR EVALUATION— 

" DELTA CURVE 
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The DELTA Curve was erected by o need to predict gyro- 
cofnposslng occurocy when cose rototion techniques became 
known. I' ^ to construct the curve the data are pro- 
cessed in o technique onologous to the way gyro output cata 
are processed to compute north in the gyrocomposs system. 

In its broodest sense, the curve is o disploy of a probable 
drift rate chonge of the gyro between meon values of any 
adjacent samples of gyro output that are of the same dura- 
tion. The curve shows that the ordinate is o display of the 
drift rote change and the abscissa represents the sample time. 
The DELTA Curve is best ot disploying the short-term per- 
formance of the gyro. For example, in Figure 1*1, if the 
gyro instrumentotion output is set to provide som; »cs o. 100 
second overages, the proboble drift rote cnange between 
these samples will be .0015%r for the pitch axis and .0016Ar 
for the roil oxis. 

The inertia! guidonce hordwore that ore most sritoble for 
anolysis using this method are those systems which ore in 
some sense self-calibroting. That is, they have a designed- 
in ability to reject long term or doy-to-day bios errors. 

Hence, methods must be found for predicting system error 
that describe gyro drift variations during the interval of 
use instead of how drift changed from the last time the in- 
strument was run (see Figure B-2). 



FIGURE B-3. INSTRUMENTATION 


The inertial instrument is operated in a capture mode. 
For the gyro illustrated, current in the “torque-to -balance" 
loop is proportional to the total rote output of the gyro, 

I.C., 


03^=K.^i{t) = e+ R + 

where. 



* 

1MC 


Kj * 9/^ torquer scole factor (9^r/mo) 
i = copture current (mo) 

6 = inertial rate sensed by the gyro (dependent upon 

gyro orientation with respect to earth rate vec- 
tor) 

R = drift coefficient for the gyro (9^r). Multiple 
drift terms may be present dependent upon the 
orientation of the gyro ond the complexity of 
the assumed error model. 


FIGURE B-2. RUN-TO-RUN DRIFT LEVEL CHANGES 

G yromonitor Inertiol Measurement Unit 

The gyromonitor inertial platform mokes use of o redun- 
dant axis of on inertial instrument to colibrate the naviga- 
tion gyro axes. The monitoring axis is placed parol lei to 
the navigation axis, o discrete sample of both axes outputs 
is taken and stored. The monitoring axis is then mechoni- 
cally reversed 180® and a second sample is taken. The dota 
sample pair moy then be used to calibrate the navigation 
oxis. The DELTA Curve is o direct meosure of gyro stobil- 
ity between odjocent outputs of length Tj. It has been 
found that the deed band that appeors between samples be- 
cause of the time required for the 180® reversal does not 
significantly chonge the ompUtude or shape of the curve. 
Given the somple time, the system anolyst con determine 
directly the gyro drift contribution; conversely, given a 
gyro performance requirement, he may determine the re- 
quired sample time. 

I nstrumentation for Doto Acquisition 

To insure precision and to eliminate human error, o dig 
ital output instrumentation loop is recommended. An excel- 
lent set-up which is receiving continually greater occept- 
once is shown in Figure B-3. 


The A/D converter detects voltoge ocross a fix^d resis- 
tor. Proper scaling permits direct printout of rate in de- 
grees-per-hour to obtain the overoge volue of W ^ for the 
selected sample time T^. 

When we difference consecutive samples, the kinematic 
rote coupling term 6 is implicitly cancelled and the residuol 
is representotive of dr’ft coefficient vonation over the in- 
terval of the sample pair; for example, 



Similarly, the outputs of pulse restroined (captured( in- 
struments may be recorded to accomplish the some purpose. 
Typi colly, 5000 or more test data points form the basis for 
Q performance curve which boosts confidence in the stotis- 
ticol significonce. Referring bock to Figure B-1, we olso 
observe that the optimum smoothing time for this gyro is 
opproximotely 1000 seconds wherein the drift rote changes 
reach the exceptiorwily low volue of .0004 /hr. For sample 
times longer tlxan 1000 seconds we con see thot performance 
is beginning to degrade os indicated by the positive slope 
of the curves. This may be justified by the theory of the in- 
creasing dominance of instobilities of the gyro ond the Instru- 
mentation in terms of volloge variatiorw, temperature vorio- 
tions, base motion and other predictable disturbances. 
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Construction of the Curve 

What we are interested in is the RMS (Root-Mean- 
Squore) value of first differences of constont -interval meons 
of Tj duration. Sample time is extended from the 
shortest sample of interest to the longest sample time that 
will provide enough first differences to be of statistical sig~ 
nificance. This sounds involved so let us take it o step ot 
o time. 

First of all, the instrumentotion may be odjusted to take 
the dato directly os consecutive average values of drift with 
the sample time set ot the shortest time of interest indicated 
as Tjp This technique is graphically sketched in Figure B-4. 




iAS«C SAMPU INTEBVAl I, 



FIGURE B-4. DRIFT RUN PLOT 


First differences ore simply the differences in the drift 
volue of oil od[ocent somples, i.e.. 




We hove gained our first indicotion of short term gyro 
pcrformonce. Assuming the system is operating by overog- 
ing the gyro output for time T^ (for most of our long gyro 
runs we set Tj^ = 60 seconds), the expected change between 
ony consecutive outputs Is of the magnitude 
with o probability of about 68?“ (based upon equating RMS 
to one sigma). 

The next curve point (T52) is obtoincd using the some 
basic dota that mokes up the original drift run. For con- 
venience we double the original sample time to get Tj2* 
Using the original average drift values, averoge values 
for Tj2ore calculated; o plot illustrating this is shown in 
Figure B-6. 



FIGURE B-6 . DRIFT RUN - DOUBLED 
SAMPLE INTERVaT 



or 


"1 <Ts2>=“i 

2 




where. 


2 


= the average value of drift rote, in this cose for 
sample time Tj^ 

The RMS volue of all the first differences of drltt rate 
for the sample time T^* is then colculated in the standard 

.It ' 

4- + . A £l3 * 

] 2 


method. 


Au) (T ) = 
rms s^' 


9 2 2 2 

Au)^ + A + Aoj + . . , A u) 

3 N-1 


N-l 


This is simply the square root of the sum of the squares 
of individual drift rote differences divided by the number 
of differences. We now have the first data point for the 
DELTA Curve. It is plotted at the point lobeled Tj| inFig. B-5. 



iMCOrtOli 

figure b- 5 . plotting the first difference curve 


2 

Again, first differences ore token and the RMS value for 
sample time Tj2 is calculoted forming the second point on 
the curve. 

This process is repeated until the individual samples ore 
so long compared to the total run duration that we hove few- 
er than 5 or so first differences. Thus, for o moximum som- 
pie time of one hour, a run of six hours is required for 5 first 
differences. Of course, the more somples the better the 
statistical significance of the right side of the curve. Ob- 
viously, the number of computotions ond iterolions required 
suggests a simple computer progrom for dato reduction. It 
is suggested thot all first differences for T^^ be printed on 
the output listing to permit screening of the data for onoma- 
lous data points. 

Tronsient vs. Steody Stote Arnalysis 

An interesting method of studying systematic drift effects 
is possible with the curve. Initially, o DELTA Curve is con- 
structed based upon data token with the gyro behaving nor- 
mally in steody state. The systematic drift (such os a ramp 
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rote function present during wonn^p) •» then 
onolyticollyto construct a composite curve. A^rametnc 
^^sitro aTA Curve con then be used to study accept- 
able levels for the system. 

For exomple, for o romp (change in drift rote %tM). 
the equafion for RMS becomes: , 


A 0) = 




N 


N 


+ S^T{^2 (S^T)^ 

o 

“ N 


New termmology m this equotion ore: 

S = romp (^rAO 

A = interval of separation of midpoints of adjacent sam- 
^ pies 

The middle term con be neglected if tl^ 
hove the charocteristic of "jogging” and the number of first 
differences N is large. Jogging is a step J" . 

due to gyro motor distuibonces. The equation then s.mpli 

Ties to: ^ ^ 


Aoi = 

rms 


L " N 
1 


(SAT)^ 


N 


This equation simply represents the RSS (Root-Sum-Square) 
of the ramp contribution with DELTA Curve 
drift rote. However, this colculotion must be mode for wch 
point on the curve since Ay changes with somple time. Fig 
we B-7 shows the impact of on .03 ArAr romp “P®" ° 
igotion gyro. It is worthy of note that better th^ 0.005 Ar 
^rformance is still present with somples up to 550 seconds 
duroHon. 



FIGURE 7. NAVIGATION GYRO 
~IKI PRF 5 FNCE OF A RAMK LiKirl 
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APPENDIX C 

GYRO S/N 606 LONG TERM STABILITY EVALUATION 


C-1 





TELEDYNE NO: TMW-2822 

TO; SDG Design File DATE; 13 November 19 

FROM; T.M. Wirt 

SUBJECT; Gyro S/N 606 Shows A Long Term Trend Of 
. 01°/Hour/Year Over A Three Year Period 

REFEREhJCE; 


Gyro serial number 606 and its support electronics have been returned after 
35 months of extensive testing at NASA's Marshall Space Flight Center and 
MIT's Draper Labs. 

A 30 day repeatability test was started on this unit beginning 28 Oct 75 in the TSC 
Inertial Labs with a data point (four point-spin axis vertical) to be taken every day. 
This unit was evaluated in a similar manner in Dec '72 prior to shipping. Comparing 
the present thirty (30) day test results with those obtained in Dec '72. The following 
table lists these two test results. 1 
two test results. 


Parameter 

Dec *72 Tests 

Nov. '75 Tests 

Mean value of X-Axis Bias 
C/nr) 

-.0057 

-. 0551 

Stand deviation of X-Axis Bias 
(°/Hr) 

.00185 

.00167 

Mean value of Y-Axis Bias 
(""/Hr) 

.0254 

. 0403 

Stand deviation of Y-Axis Bias 
(‘^/Hr) 

.00146 

.■'60217 ■ 

Number of data points 

12 

30 

Test duration (days) 

5 

34 





If the change in bias over that 35 months period is assumed to be a long tern 
trend then the x-axis trend is . 0165 ° /Hr /Year and .0050 °/Hr /Year for the 
> Axis with an average value of .01 /Hr/Year. 



SDG Design File 
TMW-282Z 
Page 2 


It is v/orthwhile noting that the gyro support electronics contains scaling re- 
sistors and buffer amplifiers between scaling resistors and the torquer axes 
outputs. Thus this bias change includes any offset voltage changes in these 
buffer amplifiers. 


The following pages contain a copy of the Dec '72 test report and a copy of 
the nov '75 test data to date. 



T. Wirt 


Preceding Page Blank 
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ORIGINAL PAUL iS 

OF k»R . QUALI'rY 




V/ • ..y- 


.S 

> V . 


STRAPDOWN GYRO . IRFORMANCS 
SUMMAl- - 

I 

f 


Part Name; 

Part Number: 
Serial Number: 
Date (a) of Test; 
Teot Console No; 


Strapdowr . ' ,-ro 

soossos-s -. 

12/8/7Z I- . 12/13/72 
B104986 


Test Equipment Used : 

1) Loop closure elect ionics and test ;--;ture designed by Teledyne and 
supplied with gyro for test purpos : .. 


2) Teledyne Rate Fi.Murc 8008o93. 

3) Electronic counter-i (2) - Hewlett P f.kard Model 5325B, 

4) V-F converters (2) . Kev/lett Pac>.;,d Model 2212A. 

5) Digit.al printer - N.-wport Model SOh. 

6) DC Nullmeters (2) , Hewleit ?acV;cj-.| Model 413-A.R. 

7) Chart Recorder - Texas Instrument:. "Recti/Riter". 


8) DC Voltage Standai .| (2) - Analogic Model AN-3100, 

9) Oven, Delta Design MK2300 



CONTRACT NO. NA58-2V.152 7 

I . . 'W*' 
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tWTtH 1 IF YOU WISH TO USE N-i; ENTER 0 IF YOU WISH TO USE N 

headings and FREQ. IN DATA STATEMENT' FORK (100-200) 
j.K.i 100 DATA 3*5*6^3#2 WHERE 3*5 AND 3 ARE READINGS 
/• (vD WHERE 6 AND 2 ARE FREQ.»S 
I. MEN DATA IS ENTERED; TYPE GO TO 90 


>100 DATA 0#2>-. 5^ 1. . 7>2> 1 > 1 J ,-l , 1 ,-i , 5 , 1 , 1 , 5 , 5 

>C0 TO 90 

HNTEH scale FACTOR FOR DATA POINTS 
7 .00323 

YOTAL DATA POINTS= 2A 

U: n;: SIGKA VALUE= 2.5A2 73A7E-03 

X AXIS 

1 




I . co'Z.6“ 4- 


■J V.ISH TO TRY NEW VALUES? (Y OiR N) 

' ^ 

'. J.ETE STATEMENTS 100-200 

data is entered; type go to 9o 

I ' - 

!;;;0 DATA 0# 3> • 5> 1 * -8 # A » -2 • 3 j 2 > -2 *2^ 1 / -2 • 5> 1 3 
LO TO 90 

.lER SCALE FACTOR FOR DATA POINTS 
.00302. 

OTAL DATA POINTS= 2A 

■R'- SIGKA VALUE= 8.869E-03 

YAAIS »(T- , 002.81 


0 YOU WISH TO TRY NEW VALUES? (Y OR N) 


LOAJ G Ttr(^ KV\ “Co \pr T 


C(3(, 

n-n- 11. 



> /r L 




TwitlJL)- Ck) To TOr5nJ-Q.0 ^^PL=AT A i ^ \ 


S M Co O <o 

\~L- ]~l- 


PHOGRAM COMPUTES ON’E SIGMA VALUE FOR ANY NUMBER OF INPUTS 

ENTER 1 IF YOU V;ISH TO USE N-lj ENTER 0 IF YOU WISH TO USE N 
? 0 

ENTER HEADINGS AND r'HEQ* IN DATA STATEMENT FORM (100-200) 

1 •£•; 100 DATA 3 • 5/ 6/3^2 VHEHE 3«5 AND 3 ARE READINGS 

AND VHERE 6 AND ?. ARE FREQ.'S 

VHEN DATA IS ENTERED; TYPE GO TO 90 


>100 DATA 0»3» - *2/ 1 » »A>2/ • 7# 1 ^ 1# 1 » • 5> 1 * I »5»3 
>G0 TO 90 

ENTER SCALE FACTOR FOR DATA POINTS 
? .00306 

TOTAL DATA ?OINTS= 12 

ONE SIGMA VALUE= 1 . 8546 51 1 E-03 X- 


DO YOU I.ISH TO TRY NEW VALUES? <Y OR N) 
? Y 

DELETE STATEMENTS 100-200 

WHEN DATA IS ENTERED; TYPE GO TO 90 


>100 DATA u>4/.3>l#“»3»l»«5#l#.7>l/i#4 
>G0 TO 90 

ENTER SCALE FACTOR FOR DATA POINTS 
7 .00309 

total data P0INTS= 12 

ONE SIGMA VALUE® 1.45664E-03 



HT •=■ . OO MC 


YOU WISH TO TRY NEV; VALUES? (Y OR N) 

V 
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PaG£ - h\ 




•iT£ IZJLII- OPERATOR 


FOUR POINT SPIN AXIS VERTICAL TESi 

OPERATOR L-D \<^ rjvor. m, 


GYROK'O. C>oc, 


^ I VPt MATURE 


tt\ 9 OUtNCY 


t KtOJENCY 




PRESSURE 




"7- 


COVER 


SCA 


MOTOR 


O 

i 

VOl.TS 

WATTS 




TORQUER 


TRIM capacitors 


P.O. OFFSETS 


table I 


1 

READING 1 

POSITION DESCRIPTION 


^ / 
C? /S' 


NORTH, EAST 


Xj EAST, Yj SOUTH' 


X, SOUTH, Y 


Xy WEST, NORTH 


X-f NORTH, Yj EAST 


co.v.ments: l^aA. of fTP 


X. < MA I 


•Ot?Z4- 


ooo lO 


Y. ( MA J 


I Cl e 


■f*. • •'f • “i 
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+. oooZZ 


ft 
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